Abstract -In clinical first-pass myocardial perfusion studies, physiological and patient motions are inevitable. Such motions impair the sensitivity and reliability in assessing myocardial perfusion abnormalities. The current study aims to correct the misregistration of myocardium during first-pass perfusion imaging by using a normalized mutual information approach. Multi-slice registrations were performed in 15 sets of clinical data sets.
I. INTRODUCTION
Motion always appears in one form or another in clinical MRI. Physiological and patient motions are detrimental in time series imaging as it interferes with the temporal signal analysis. Therefore it is desirable to correct for the motion by image registration before time domain analysis. In first-pass myocardial perfusion imaging, image registration become more complex as the motion are usually non-rigid in nature and incoherent motions among different organs and tissues are common. In addition, contrast inflow invalidates most traditional registration methods as the assumption of similarity is violated. Alternative methods have been proposed [1] [2] [3] [4] , most of which involve intensity thresholding to modify the image before registering with traditional methods. However, the success of this approach varies from site to site and therefore it is protocol dependent. In patients with cardiac disease, unpredictable intensity change associated with turbulence flow in the cardiac chamber would be expected. In this paper, a method based on normalized mutual information (NMI) approach [5] is proposed to automatically correct for multi-slice image misregistration without intensity thresholding. The aim is to obtain more accurate perfusion parameters and improve sensitivity in detection of myocardial perfusion abnormalities.
II. METHODS
Fifteen patients were scanned in a previously reported study of myocardial therapeutic interventions [6] . Total 30 scans were done using a GE Signa 1.5T MRI system (GE Medical Systems, Milwaukee, MI) with a twin gradient subsystem. First-pass dobutamine stressed perfusion images were acquired in every heartbeat during bolus injection of exogenous contrast agent (Gd-DTPA). Images were acquired for 1 minute using fast gradient echo sequence. For coregistration, all images were first smoothed by a 3mm FWHM Gaussian kernel and a simple rectangular image mask was used to include the heart to test the robustness of the algorithm. Image registration was achieved by maximizing the NMI of pair-wise images from consecutive scans. NMI of pair-wise images, Mi and Mi+1, are defined as:
where H(Mi), H(Mi+1) are the marginal entropies of Mi and Mi+1 respectively, and H(Mi,Mi+1) is the joint entropy of the pair-wise images.
Relative in-plane translations were applied to the images within a ±3 search window until a match was found. The scales of the search window were varied from 1-pixel, to 0.5-pixel, 0.25-pixel, 0.125-pixel, 0.0625-pixel consecutively to achieve sub-pixel image registration. The results were evaluated by plotting the signal change across the time series on the two orthogonal planes intersected at the center of left ventricle in each individual slice.
III. RESULTS
The myocardial perfusion images are registered satisfactorily in both small motion and large motion cases. In the case of ECG mis-triggering, the algorithm was able to reduce the misregistration due to translation and is fairly robust. Representative examples of a small misregistration case and a large misregistration case are shown in Fig. 1 and Fig. 2 respectively. Fig. 1a shows the slice under investigation and the arrows indicates the intensity profile location. Fig 1b plots the original intensity profile on horizontal axis and shows the intensity change with contrast injection on the vertical axis. After registration, misregistration was reduced and the papillary muscle was consistently seen across all time points as indicated by the small arrow in Fig. 1c . Similarly, Fig 2a shows the location of intensity profile. Fig. 2b shows the original large intensity change before registration during a 30 time-point scan. Fig. 2c shows the registration result with apparent improvement in the intensity profile in the left ventricle and also in the lateral and interseptal walls. Note that residual movement of other organs and chest wall are seen, showing incoherent motions with respect to the heart position. For illustration, one slice of the case in Fig. 2 was investigated with an ROI analysis. Two ROIs were placed on healthy myocardium on the septal and lateral walls as shown in the upper two circles in Fig 3a. The lower circular ROI in Fig 3a  corresponds to the site of myocardial infarct, which was hyperintense in the 15-minute delayed enhancement image as in Fig. 3b . The time courses from the three ROIs were compared before and after image registration. Fig. 3c shows the ROI time courses from the original dataset. From the figure, it was difficult to assess and quantify the perfusion defect due to motion-induced image misregistration. Fig. 3d shows the translations registered version of which the ROI time courses from the septal and lateral wall were much more consistent in terms of time to peak and contrast washout. The low perfusion defect can be immediately detected after the misregistration had been corrected using the proposed co-registration approach. 
IV. DISCUSSION AND CONCLUSION
A novel method is proposed to automatically correct for multi-slice image misregistration based on normalized mutual information. This method does not depend on intensity thresholding, therefore is more robust. Preliminary results have demonstrated much improved ROI time courses among various myocardial areas in presence of patient motions. In patient cardiac MRI study, such coregistration is expected to provide more reliable and quantitative assessment of myocardial perfusion parameters. More validation and optimization are underway.
